In this paper, four types of plate-fin heat exchangers applied in 200 kW microturbines are investigated. Multi-objective optimization algorithm, NSGA-II (nondominated sorting genetic algorithm (GA)), is employed to maximize the efficiency of the recuperator and minimize its total cost, simultaneously. Feasible ranges of pressure drop, Reynolds number, and recuperator efficiency are obtained according to a penalty function. The optimizations are conducted for rectangular fin, triangular fin, louver fin, and offset strip fin recuperators with cross and counter flow arrangements. The results of each optimization problem are presented as a set of designs, called "Pareto-optimal solutions." Afterward, for the designs, cycle efficiency and net present value (NPV) are compared based on technical and economic criteria, respectively. Maximum cycle efficiency occurring in a recuperator with louver fin and counter flow arrangement is found to be 38.17%. Finally, the optimum designs are compared based on nondominated sorting concept leading to the optimal solutions.
Introduction
Brayton cycle is one of the most significant and well-known thermodynamic cycles for generating power. A simple gas turbine cycle operates based on Brayton cycle; it includes a compressor, a combustor, and a turbine. Gas turbines can be categorized into microturbines and miniturbines according to their small net power output. Ranges of net power output in microturbines are almost between 5 and 200 kW; however, the net power output range in miniturbines is between 200 and 500 kW [1] . The efficiency of simple cycles of microgas turbines is between about 16% and 20%, and employing the cycles is rather uncommon [2] . In order to increase the overall efficiency of the cycle at constant parameters such as turbine and compressor efficiencies, compressor pressure ratio and turbine inlet temperature, it is beneficial to recover the turbine exhaust heat energy. One of the waste heat recovery methods is employing a recuperator to preheat combustor inlet air, which would lead to a boost in the overall efficiency and reduction of fuel consumption. Using a recuperator with efficiency of about 87% increases the cycle thermal efficiency up to 30%; however, it will also increase the cost between 25% and 30% of the total cost of power plant [1] .
Shell-and-tube, plate-fin, and primary surface heat exchangers are the three types of recuperator applied in microturbines [3] . Because the shell-and-tube recuperators are typically very large and weighty, using them in microturbines are uncommon. Platefin and primary surface heat exchangers are the two kinds of recuperators widely employed in microturbines. Plate-fin recuperators are classified as plain fin, wavy fin, and interrupted fin recuperators [4] .
In recent years, significant research has been done in the thermo hydraulic characteristics of plate-fin heat exchangers and remarkable developments have been achieved. Optimal performance of the recuperators can be mentioned as an example of the fields in which many studies have been performed. In order to reach the optimum performance and to obtain the maximum efficiency and Multifamily residences (<25 units) $10 kW peak load Single-family residence 0.5-1.5 W average load 0.10 kW base load common Little coincidence of electrical and thermal loads minimum cost, researches are investigating the precise optimization of different-designed recuperators, which have been used for recovering the waste heat from the technical and economical viewpoints.
Manglik and Bergles presented correlations for f (friction factor) and j (Colburn number) of rectangular offset strip fin covering the laminar, transition, and turbulent flow regimes [5] . Chang and Wang proposed significant correlations to analyze heat transfers for louver fin geometry [6] . Chang et al. presented correlations to calculate the friction factor of heat exchangers for louver fin geometry [7] .
Traverso and Massardo carried out the optimization of plate-fin and primary surface recuperators taking the technical and economic analysis into account. They defined a function including the cost, volume, and pressure drop as objective functions to perform a single-objective optimization [8] . Qiuwang et al. optimized a primary surface recuperator used in a 100 kW microturbine by using genetic algorithm. The analysis was based on singleobjective optimizations, which specified the maximum compactness and minimum weight [9] . Wen et al. optimized the configuration parameters of serrated fin in plate-finned heat exchanger by genetic algorithm from entropy viewpoint. They investigated power consumption and heat transfer rate in specified Reynolds number and mass flow rate [10] . A thermodynamic optimization was conducted by Rao and Patel for a crossflow plate-fin heat exchanger using PSO algorithm. They minimized total number of entropy generation units, total volume and total annual cost in their investigations [11] . Sanaye and Hajabdollahi maximized the efficiency of a plate-fin heat exchanger and minimized the annual cost, simultaneously, by applying multi-objective genetic algorithm [12] . Ahmadi et al. minimized the cost and entropy generation of a crossflow plate-fin heat exchanger and solved a multiobjective problem by employing genetic algorithm [13] . Zhang et al. presented a distributed model to consider entropy generation in plate-fin heat exchanger [14] .
In this paper, we consider four types of plate-fin heat exchangers in order to preheat the intake air of a combustion chamber applied in 200 kW microturbines. Application of 200 kW [16] and (b) cross section of louver fin [16] 101801-2 / Vol. 139, OCTOBER 2017
Transactions of the ASME microturbine is mainly in combined cooling heating and power (CCHP) systems used in commercial and residential buildings, schools, and hospitals as presented in Table 1 [15] . The capacity of 200 kW is somehow in accordance with the electricity demand of medium size of such buildings, which are going to increase in large cities. In this study, our investigations are implemented for recuperator applied in a 200 kW microturbine. The recuperator efficiency is considered as one of the two objective functions of the optimization, while in the mentioned researches, efficiency of recuperator was taken constant. Solving the energy equation in combustion chamber is required for selecting the recuperator efficiency. In this study, a multi-objective optimization is conducted by NSGA-II for a recuperator in which efficiency and total cost of the recuperators are selected as the objective functions. The optimization procedure is implemented for rectangular fin, triangular fin, offset strip fin, and louver fin with counter and crossflow arrangements. Pareto-optimal front is presented; in addition, the optimum designs satisfying the optimization constraints are specified. Finally, the designs are compared with each other according to the technical and economic criteria, and the final optimum designs are determined based on nondominated sorting concept.
Surface Geometrical and Thermohydraulic Characteristics
In this section, at first, geometry of well-known fins is illustrated and then correlations for the calculation of friction factor and heat transfer characteristics (Nusselt and Colburn numbers) are presented. Figure 1 shows the geometry schematics of the rectangular plain fin, triangular plain fin, and offset strip fin [12] . In rectangular and triangular finned heat exchangers, as can be seen in Fig. 1 , fin pitch, fin height, and fin thickness are the major geometry parameters. In offset strip fin, main geometry parameters are fin pitch, fin height, fin length, and fin thickness. Schematic and geometry parameters of louver fin are illustrated in Fig.  2 [16] . As it can be seen, in the louver fin, main geometry parameters are fin pitch, fin height, louver pitch, louver angle, louver length, and fin thickness. A plate-fin heat exchanger with crossflow arrangement is shown in Fig. 3 [12] .
Surface geometrical characteristics of the fins such as heat transfer and frontal areas are given in Ref. [4] .
So far, many researchers have investigated the heat transfer coefficient and the friction factor of plate-fin heat exchangers [17] . For uninterrupted fins, if the constant wall temperature correlations are applied on the friction factor and Nusselt number, the error of heat exchanger's efficiency will be negligible; however, this is not important for interrupted fin [17] . Compact heat exchangers are used for the range of Reynolds number between 500 and 1500 [17] . In the presented correlations, it is assumed that the flow is in fully developed region, so ðL=D h Þ > 100. Correlations to calculate the rectangular plain-fin friction factor and Nusselt number are defined as follows [4] :
where a ¼ ðb À tÞ=ðs À tÞ if b < s or a ¼ ðs À tÞ=ðb À tÞ if s < b.
The triangular plain-fin friction factor and Nusselt number are calculated from the following equations [4] :
Nu ¼ 
where a ¼ ðb À tÞ=ð2s À tÞ.
Colburn number and friction factor of the offset strip fin are obtained from the following equations [5] : 
where in Eqs. (5) and (6), 120 < Re < 10 4 , 0:134 < a < 0:997; 0:012 < d < 0:048; 0:041 < c < 0:121 and a ¼ s=b; d ¼ t=x; c ¼ t=s. [12] Colburn number and friction factor of the louver fin are defined as follows [6, 7] : 150 < Re Lp < 5000 150 < Re Lp < 5000 
System Modeling
In this section, equations for calculating efficiency, pressure drop, and cost are presented. In order to solve the rating problem, inlet pressures, inlet temperatures, and mass flow rates of the recuperator should be determined. Whereas recuperator is a component of the microturbine, it is necessary to link the heat exchanger design code to thermodynamic analysis of the cycle. Main assumptions and considerations are listed as follows:
(i) Since cycle parameters such as compressor and turbine efficiencies, compressor and turbine pressure ratios, compressor and turbine inlet temperatures, compressor inlet pressure, and mass flow rate of air are taken constant; thus, the turbine and compressor outlet temperatures and compressor outlet pressure will be constant. (ii) Since the heat exchanger efficiency is considered as a variable in this work, fuel mass flow rate changes too. In order to calculate the fuel mass flow rate, energy equation is solved in the chamber. (iii) Since the cold side pressure drop varies, turbine outlet pressure changes; therefore, it is necessary to calculate the cold side pressure drop before the calculation of turbine outlet pressure.
Heat Transfer.
In order to solve the rating problem, initial guesses are required for the fuel mass flow rate and recuperator efficiency. Subsequently, new value of the efficiency for crossflow and counterflow arrangements is obtained from Eqs. (12a) and (12b), respectively [4, 14] 
Number of transfer units (NTU) and ratio of heat capacity rate (c Ã ) are calculated as follows [4] :
where the overall heat transfer coefficient (UA) is calculated by the following equation [4] :
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Transactions of the ASME where R f is fouling factor and g s is the overall surface efficiency calculated by the following correlation:
where g fin is the single-fin efficiency and defined as follows [4] :
In Eq. (17), M and L are calculated as follows:
L ¼ 0:5b À t for rectangular fin and offset strip fin 0:5ðb 2 þ s 2 Þ À t for triangular fin and louver fin &
New value of fuel mass flow rate is defined as follows [18] :
where LHV; T TIT , and T 0 are fuel lower heating value (LHV), turbine inlet temperature, and the reference temperature, respectively.
Pressure Drop Calculation.
The cold side pressure drop is calculated as follows [4] :
where r is the ratio of minimum free flow area to frontal area and # m ; K c ; and K e are mean specific volume, entrance, and exit pressure loss coefficients, respectively. In order to calculate the hot flow pressure drop passing the recuperator, it is necessary to find the hot flow inlet pressure (turbine outlet pressure). The value of inlet pressure depends on compressor and turbine pressure ratios and combustion chamber pressure drop.
Necessary equations for calculating energy efficiency of the cycle are obtained from Ref. [18] .
Flowchart of recuperator thermo hydraulic design is illustrated in Fig. 4(a) .
Economic Analysis
3.3.1 Cost Estimation. Recuperator total cost consists of capital cost, operational cost, and maintenance cost [14] . Purchase cost is estimated by engineering sciences data unit (ESDU) method. In this method, heat exchanger cost is defined in terms of Q=DT m parameter [19] where Q is heat transfer rate and DT m is the corrected temperature difference. The value of Q=DT m is calculated from the following equations [19] :
where C is heat exchanger cost coefficient. The cost obtained from Eq. (26) is the purchase cost of the aluminum recuperator. In this paper, Super Stainless Steel 347 has been used in the plates and fins of the considered recuperator. Coefficients applied for the price conversion of the recuperator materials can be found in Refs. [3] and [20] .
The recuperator capital cost is obtained as follows [19] :
c Capital;p ¼ 1:47 c purchase (27) Maintenance cost is calculated as follows: Operational cost of recuperator is related to the cost of compressor electricity consumption. First-year operational cost is defined as follows [21] :
where k el ; s; g comp: , and V t are electric cost, operation hours of the recuperator per year, compressor efficiency, and volumetric flow rate, respectively. The expressed costs are calculated based on present value, so the operational cost should be obtained from the following equation [19] :
where i; f Ã , and n are i interest rate, inflation rate, and recuperator operation period, respectively.
And the recuperator total cost is calculated as follows:
3.3.2 NPV Criterion for Economic Comparison. In this subsection, NPV criterion is presented for the economic comparisons of optimal designs. The earned profit from the heat recovery and reduction in fuel consumption are calculated as follows [12] :
where the mass flow rate is calculated as the following:
And k f is defined as the cost of fuel per the unit mass. In this paper, selected fuel is diesel.
The first-year earnings due to the heat recovery (c f;A ) should be converted to present value [19] 
In order to compare the different designs economically, net present value (NPV) method is selected. NPV is obtained from the following correlation [19] :
For an economic design, NPV should be positive. The more the positive amount of NPV increases, the more the design is economic.
Optimization
3.3.3.1 Multi-objective optimization. Nowadays, an optimal design of the structures plays a significant role in determining the best operating conditions, which may lead to a reduction in the final cost of the construction projects. Optimization algorithms have been broadly used during the last decade chiefly for energy system applications [22, 23] . Multi-objective optimization is a method of multiple criteria decision-making that is mainly related to mathematical optimization problems including more than one objective function with equality and inequality constraints to be optimized, simultaneously [24] . The mathematical problems can be formulated as follows [25] : 
where X, f, g, and h are the feasible set of decision vectors, the vector of objective functions, equality and inequality constraints, respectively.
To check for constraint violations of during the optimization, a great arbitrary parameter is added to the objective function, which is named penalty function. Therefore, the objective function will be defined as follows:
where R 1 is the penalty parameter with value much larger than f , and c is the violation amount of the constraints.
Optimization algorithm.
Being different from traditional optimization approaches, GA is an optimization approach where no gradient or function differentiation is required [26] . It is a semistochastic method inspired by natural selection concept first introduced by Darwin's law [27] and then developed by Holland [28] . Vector evaluated genetic algorithm (VEGA) was the first multi-objective genetic algorithm proposed by Schaffer [29] . NSGA was offered by Srinivas and Deb [30] . Deb et al. modified NSGA [31, 32] . They removed lack of elitism and the requisition of specifying the sharing parameters. The modified algorithm was known as NSGA-II. In this research, NSGA-II is applied to optimize the recuperator technically and economically. Generally, optimizing steps of NSGA-II can be expressed as follows:
(i) generating initial population (ii) evaluating the fitness of all of the individuals in the population (iii) comparing the individuals based on nondominated sorting concept (iv) evaluating the crowding distance parameter (v) selecting the parents population for reproduction (vi) performing the crossover and mutation steps (vii) discarding the old population and iterate using the new population (viii) memorizing the best solution In multi-objective optimization problems, reaching the Paretooptimal front is commonly favorable and it is the goal of optimization.
Crowding distance.
Crowding distance is a concept to compare the designs which are on the same Pareto front. Crowding distance value for any point is the perimeter of greatest rectangle where other points of the population (the same Pareto points) do not put in the rectangle. If two design parameters are on the same Pareto front, the point with greater value of crowding distance will be better. [17] 500 < Re < 1500 Recuperator efficiency e ! 0:7 Table 5 Economic data for case study x) is the other design parameter selected for offset strip fin. In louver fin, louver angle (h), louver pitch (L p ), and louver length (W t ) are the further considered design parameters. A range of design parameters for the considered fins is presented in Table 2 .
Converging conditions and constraints applied in the multiobjective optimization are listed in Table 3. 3.3.4 Case Study. In this research, recuperator optimization is implemented on a 200 kW microturbine. Necessary information for the designing are obtained from the thermodynamic analysis executed in THERMOFLEX software and listed in Table 4 . Economic assumptions used for the optimization are presented in Table 5 .
Thermal conductivity of Super Stainless Steel 347 [33] and fluid properties (specific heat capacity, Prandtl number, and viscosity) [34] are assumed to be a function of temperature. The plate and fin thicknesses are 0:2 mm and 0:1 mm.
Results and Discussion
4.1 Model Verification. In this subsection, heat exchanger thermo hydraulic modeling results are compared with the results from Ref. [4] . Table 6 compares the efficiency, hot and cold side pressure drops of the present work with the results from Ref. [4] at identical operating conditions.
Optimization Results.
The optimization problem is solved for four types of fins used in recuperators with crossflow and counterflow arrangements. The Pareto-optimal fronts are presented and the provided figures indicate the confliction of the two objective functions. It could be concluded that any change in the geometry of the recuperator, which increases the efficiency, would also increase the total cost and vice versa; therefore multiobjective optimization would be an appropriate strategy to analyze this problem. Figure 5(a) illustrates the Pareto-optimal front for the recuperator with offset strip fin and crossflow arrangement. A and B design points satisfy the optimization constraints. Pareto-optimal front for the recuperator with rectangular fin and crossflow arrangement is illustrated in Fig. 5(b) . According to the considered optimization constraints, C, D, and E are the acceptable design points. Figure 5(c) shows the Pareto-optimal front for the recuperator with triangular fin and crossflow arrangement. As it can be seen, optimization constraints are satisfied in F design point.
Optimization Results for Crossflow Arrangement.
Figure 5(d) shows the Pareto-optimal front for the recuperator with louver fin and crossflow arrangement. G and H design points satisfy the optimization constraints.
Geometrical characteristics and optimal results for A, B, C, D, E, F, G, and H design points for crossflow arrangement are listed in Tables 7 and 8 , respectively. Figure 6 (a) illustrates the Pareto-optimal front for the recuperator with offset strip fin and counterflow arrangement. In this case, I and J are the design points satisfying the optimization constraints.
Optimization Results for Counterflow Arrangement.
Pareto-optimal front for the recuperator with rectangular fin and counterflow arrangement is shown in Fig. 6(b) . M, K, and L design points satisfy the considered constraints. Figure 6 (c) shows the Pareto-optimal front for the recuperator with triangular fin and counterflow arrangement. N, O, and P are the design points satisfying the optimization constraints. Figure 6 (d) shows the Pareto-optimal front for the recuperator with louver fin and counterflow arrangement. As it can be observed, R, S, and Q design points satisfy the optimization constraints.
Geometrical characteristics and optimal results for I, J, K, L, M, N, O, P, Q, R, and S design points for counterflow arrangement are listed in Tables 7 and 8 , respectively.
Technical and Economic Comparisons of Optimal
Designs. Two criteria are chosen to compare the designs and are defined as follows:
(i) NPV is the criterion considered for economic comparison.
(ii) Cycle efficiency is the criterion chosen for technical comparison.
In this subsection, comparison of the design points is investigated based on the expressed criteria. According to the results, recuperator efficiency is a major factor of comparisons. If the designs would be compared in terms of recuperator efficiency, results of the economic and technical comparisons are almost analogous. It can be concluded that the effect of recuperator pressure drop is less than its efficiency. Figure 7 indicates the economical comparison of the optimal design points for crossflow arrangement. Regarding Fig. 7 , maximum of NPV is 2,701,678 $ and minimum of NPV equals to 2,270,924 $ occurring in H and F design points, respectively. At the same recuperator efficiency, in G and E design points, due to 90% reduction in pressure drop, the cycle efficiency increases up to 3.33%. Recuperator efficiencies and NPV of B, G, D, and H designs are higher than the other designs. Technical comparison of optimal design points for crossflow arrangement is illustrated in Fig. 8 . As can be seen, maximum value of cycle efficiency is 33.048% and minimum value of the efficiency equals to 28.243% occurring in H and F design points, respectively. Higher values of cycle and recuperator efficiencies occur in B, G, D, and H design points. Figure 9 portrays the economic comparison of optimal design points for counterflow arrangement. According to this comparison, maximum and minimum of NPV equal to 3,049,977 USD and 2,324,098 USD occurring Q and P design points, respectively. Recuperator efficiencies and NPV of Q, J, S, and L are greater than the other design points. Figure 10 shows the technical comparison of optimal design points for counterflow arrangement. As it can be observed, maximum value of cycle efficiency is 38.171% and the minimum value of the efficiency equals to 28.781% occurring in Q and P design points, respectively. As it can be observed, L and S design points show 217% increase in the pressure drop followed by 4.17% decrease in the NPV. The cycle efficiency of Q, J, S, and L design points is higher than the other design points as they also have the greater recuperator efficiency.
It should be noted that there are different methods for decisionmaking in which optimum solution is obtained from the designs on one Pareto-front such as decision-making with normalization approach discussed in Ref. [21] .
Effect of Recuperator Efficiency on Profit, NPV, and
Consumed Cost. Effect of recuperator efficiency on the consumed cost, profit, and NPV for the crossflow arrangement recuperator is illustrated in Fig. 11 . Figure 12 shows the effect of recuperator efficiency on the consumed cost, profit, and NPV for the counterflow arrangement recuperator. For both arrangements, curve-fitted lines are shown. Regarding Figs. 11 and 12, consumed cost curves rise with less slope than the profit curves. Equations of the curves for the crossflow and counterflow arrangements are also shown in Figs. 11 and 12 , respectively.
Evaluation of Nondominated Designs.
In this subsection, the optimal designs resulted from Pareto-optimal front are compared with each other. In this section, nondominated sorting concept used in NSGA-II is employed for the comparisons. As shown in Fig. 13 , for the crossflow arrangement, G and H design points are nondominated and Fig. 14 shows that Q, R, and S designs are nondominated for the counterflow arrangement. According to the comparisons for nondominated designs Figs. 13 and 14 , it can be implied that the designs with louver fin are more affordable than those of the other fins. The nondominated designs for both cross and counterflow arrangements are compared based on nondominated sorting concept leading to Q, R, S, and G design points as the final optimum designs.
Conclusion
In this research, thermoeconomic optimization was carried out for plate-fin heat exchanger, including rectangular fin, triangular fin, offset strip fin, and louver fin recuperators with crossflow and counterflow arrangements, which was applied in a 200 kW microturbine by using NSGA-II. e À NTU method was selected for calculating the recuperator efficiency and pressure drop, also in order to assess the total cost, ESDU method was used. Pressure drop, recuperator efficiency, and Reynolds number were considered as the constraints and the recuperator geometrical characteristics were selected as the design parameters of the optimization problem. Pareto-optimal front for the mentioned different designs was examined. The optimal designs were compared from the technical and economical viewpoints. With an identical increase in the efficiency, growth in value of profit was more than consumed cost. From the results, it can be observed that louver fin has better performance than the other fins at the same operating conditions. In conclusion, maximum cycle efficiency is found to be 38.17% occurring in louver fin with counterflow arrangement. Minimum cycle efficiency is found to be 28.243% occurring in triangular fin with crossflow arrangement. 
